The lipid A moiety of Escherichia coli lipopolysaccharide is a hexaacylated disaccharide of glucosamine that makes up the outer monolayer of the outer membrane. Arabidopsis thaliana contains nuclear genes encoding orthologs of key enzymes of bacterial lipid A biosynthesis, including LpxA, LpxC, LpxD, LpxB, LpxK and KdtA. Although structurally related lipid A molecules are found in most other Gram-negative bacteria, lipid A and its precursors have not been directly detected in plants previously. However, homozygous insertional knockout mutations or RNAi knock-down constructs of Arabidopsis lpx and kdtA mutants revealed accumulation (or disappearance) of the expected monosaccharide or disaccharide lipid A precursors by mass spectrometry of total lipids extracted from 10-day old seedlings of these mutants. In addition, fluorescence microscopy of lpx-gfp fusions in transgenic Arabidopsis plants suggests that the Lpx and KdtA proteins are expressed and targeted to mitochondria. Although the structure of the lipid A end product generated by plants is still unknown, our work demonstrates that plants synthesize lipid A precursors using the same enzymatic pathway present in E. coli.
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glucosamine-based lipids | Lpx genes | higher plants | electrospray ionization L ipid A, the hydrophobic portion of LPS, is a glucosaminebased lipid that makes up the outer monolayer of the outer membrane of Gram-negative bacteria (1, 2) . Kdo 2 -lipid A ( Fig. 1 ) usually represents the minimal LPS substructure required for growth (1, 2) . In a few systems, like Neisseria meningitides, lipid A biosynthesis is not essential (3) . However, in most cases lipid A biosynthesis inhibitors that target LpxC ( Fig. 1 ) are potent Gramnegative-selective antibiotics (4) . The structure of lipid A is relatively conserved in diverse Gram-negative pathogens (1, 2) . Picomolar Kdo 2 -lipid A is recognized by the TLR4/MD2 receptor complex of animal cells (5) , triggering cytokine production that can contribute to the complications of Gram-negative sepsis (6) .
Most Gram-negative bacteria encode single copy homologues of the nine Escherichia coli enzymes that assemble the Kdo 2 -lipid A moiety of E. coli LPS ( Fig. 1) (1, 2) . Gram-positive bacteria, Archaea, fungi, insects, worms, and vertebrates do not contain these genes. Although lipid A-like molecules have not been reported in plants, many plants, including Arabidopsis thaliana, encode full-length nuclear orthologs of six of the nine enzymes of the E. coli system (Fig. 1 , green asterisks; and Table 1 ) (1, 7) . A homologue of the UDP-2,3-diacylglucosamine pyrophosphatase LpxH of E. coli (Fig. 1) is missing in plants, but it is also missing in some Gram-negative bacteria in which it may be replaced with a different pyrophosphatase (8) .
We now report the isolation and characterization of homozygous insertional knockout mutants in the A. thaliana genes encoding LpxA, LpxD, LpxB, LpxK, and KdtA (Table 1 and Fig. 2 ). Given the presence of multiple genes encoding LpxC-like proteins in Arabidopsis (Fig. 2) , we chose an RNAi strategy to suppress AtLpxC expression. Mutants generated from both gene inactivation strategies are viable under laboratory conditions. However, they accumulate (or lose) the expected lipid A precursors ( Fig. 1 ) when analyzed by sensitive liquid chromatographyelectrospray ionization/mass spectrometry (LC-ESI/MS) protocols. The lipid A biosynthetic genes of higher plants may have been acquired from Gram-negative bacteria with the endosymbiosis of mitochondria. Plant lipid A may therefore have a structural role in mitochondrial or perhaps chloroplast outer membranes. Alternatively, it may serve a regulatory role, or it may participate in signal transduction, for instance, in the plant response to infection by bacterial pathogens (9) . This work definitively demonstrates the presence of lipid A precursors in a eukaryotic system.
Results
Identification of Orthologs of Lipid A Biosynthesis Genes in Arabidopsis. A position-specific iterated-BLAST search of the nonredundant protein sequences database was conducted using the E. coli protein sequences of LpxA, LpxC, LpxD, LpxB, LpxH, LpxK, KdtA, LpxL, and LpxM as probes (Fig. 1 ). Eleven nuclear sequences were identified in A. thaliana, encoding proteins with significant homology to E. coli LpxA, LpxC, LpxD, LpxB, LpxK, or KdtA (Table 1) . Homologues of LpxH, LpxL, and LpxM were not found in Arabidopsis, but these are also absent in some Gramnegative bacteria (10) . The AtLpxA gene (Table 1) encodes two mRNA splice variants, one of which directs the synthesis of a protein with two additional amino acid residues inserted in the C-terminal region. These protein variants, designated AtLpxA1 and AtLpxA2, are otherwise identical to each other; they share 38 and 37% sequence identity with E. coli LpxA, respectively, (Table 1) , with conservation of all active site residues (11) . There are five AtLpxC orthologs located in a 68-kb region on chromosome one (Fig. 2) . They have very similar nucleotide sequences, suggesting possible gene duplications from a common ancestor. Expressed sequence tag (EST) and deduced cDNA databases indicate these AtLpxC genes generate at least eight different but related mRNA transcripts (Table 1) . Previous studies of E. coli LpxC had shown that three amino acid residues (H238, D246, and H265) in the C-terminal region of the protein are critical for activity (12) . These residues are truncated in two of the eight AtLpxC proteins, specifically in AtLpxC1.2 and AtLpxC5.2 ( Table 1 ), suggesting that these two proteins are not catalytically active.
Two AtLpxD orthologs (designated AtLxpD1 and AtLpxD2) were encoded on chromosome 4 ( Fig. 2 and Table 1 ); these proteins share 41 and 34% identity with E. coli LpxD (Table 1) , with conservation of key catalytic residues (13); however, only AtLpxD2 contains the putative N-terminal nucleotide binding domain of LpxD (13) , which is required for E. coli LpxD activity. Single copy genes encoding AtLpxB (AT2G04560), AtLpxK (AT3G20480) and AtKdtA (AT5G03770) ( Table 1) were also found, with 31, 26, and 34% sequence identity to the corresponding E. coli proteins, respectively ( (Fig. S1 ). After characterizing 30-day old plants by PCR-based genotyping and RT-PCR (Fig. S2) , homozygous null mutants of the above genes were identified and used for further experiments. To suppress transcription of the five closely linked AtLpxC genes ( Fig. 2 and Table 1 ), independent AtLpxC-RNAi transgenic lines were generated in Columbia-0 (Col-0) wild-type Arabidopsis. In nine selected T1 transgenic lines, the expression levels of AtLpxC mRNA transcripts were characterized by RT-PCR using primers designed from regions of sequence identity (Fig. S2G , and Table S1 ). T3 homozygous AtLpxC-RNAi lines with the lowest expression of AtLpxC mRNA were used for further studies. All null mutants and RNAi knock-down lines were viable and showed no obvious phenotypic differences compared to wild-type plants.
Detection of 2,3-Diacylglucosamine 1-Phosphate in Arabidopsis and its
Accumulation in an atlpxb-1 Mutant. To detect lipid A-like molecules or lipid A precursors in Arabidopsis, total lipids were extracted from homogenates of 10-day old plants and subjected to normal phase LC separation coupled with online ESI/MS/MS in the negative-ion mode. In E. coli, 2,3-diacylglucosamine 1-phosphate (lipid X) is a key precursor of lipid A (Fig. 1 ). It is detectable at low levels in wild-type cells and accumulates in lpxB mutants (19, 20) . To determine if lipid X exists in Arabidopsis, total lipids from the atlpxb-1 mutant and its parental Col-0 wild-type plant were compared by LC-ESI/MS/MS. As shown in Fig. 3A , a small peak at m∕z 710.43, consistent with the ½M-H − ion of a lipid X molecule bearing two R-3-hydroxymyristoyl chains ( Fig. 1 ) (8, 19) , was present in the wild type. It accumulated more than 10-fold in the atlpxb-1 mutant (Fig. 3B) . No other lipid X molecular species were detected. ESI/MS/MS analysis of the m∕z 710.43 ion in the atlpxb-1 mutant revealed the fragmentation pattern expected for lipid X (Fig. 3C) .
To confirm the presence of lipid X and to quantify its level in the mutants (Fig. 4) , a sensitive multiple reaction monitoring (MRM) protocol was developed in conjunction with LC prefractionation. Singly charged precursor/product ion pairs (710.4∕ 240.0) were used to detect lipid X selectively (Figs. S3 and S4). The MRM peak area of the lipid X ion was normalized to that of the major species of Arabidopsis phosphatidylethanolamine (precursor ½M-H − ion at m∕z 714.5 and product ion at m∕z 279.2), which is acylated with palmitate (C16∶0) and linoleate (C18∶2) (Fig. S3) . Lipid X accumulates 42-fold in the atlpxb-1 mutant compared to the Col-0 wild type by this criterion (Fig. 4A) .
Quantification of Lipid X in Other Arabidopsis Lipid A Mutants. The level of lipid X in the atlpxa-1 insertion mutant was approximately 21% of its matched wild-type control [Wassilewskija (Ws)], indicating that the loss of function of AtLpxA did not completely eliminate the production of lipid X (Fig. 4A ). This result implies that plants may have a second pathway for the acylation of UDPGlcNAc not present in bacteria.
The lipid X level decreased in AtLpxC-RNAi transgenic plants to approximately 37% of the amount present in the Col-0 wild type (Fig. 4A) . To confirm the function of the AtLpxC proteins in production of lipid X and the order of reactions in Fig. 1 , the AtLpxC-RNAi transgenes were introduced into the atlpxb-1 mutant by pollination to generate AtLpxC-RNAi atlpxb-1 F2 homozygous plants. Fig. S5 shows that accumulation of lipid X in the atlpxb-1 mutant was greatly attenuated by suppressing the transcription of the AtLpxC genes, consistent with the proposal that LpxC functions before LpxB (Fig. 1) .
The lipid X level in the atlpxd1-1 mutant was not reduced from that of wild type (Fig. 4A) . Introducing the atlpxd1-1 mutation into the atlpxb-1 mutant background did not lower its elevated lipid X levels (Fig. S5) . However, lipid X was undetectable in the atlpxd2-1 mutant compared with its parental plant [Landsberg erecta (Ler)] (Fig. 4A) , indicating that AtLpxD2 is the predominant UDP-3-O-acyl-GlcN N-acyltransferase (Fig. 1) . Introducing the atlpxd2-1 mutation into the atlpxb-1 mutant background significantly lowered lipid X levels (Fig. S5) . The presence of some residual lipid X in this setting leaves open the possibility that AtLpxD1 generates a small portion of the lipid X pool. In the atlpxk-1 and atkdta-1 mutants, lipid X levels were 2.6-and 2.2-fold higher than in the Col-0 wild type, respectively (Fig. 4A) , consistent with the pathway (Fig. 1) .
Detection of Additional Lipid A Precursors in Arabidopsis Mutants.
UDP-2,3-diacyl-GlcN is the donor substrate for LpxB in E. coli ( Fig. 1) (20, 21) . By monitoring appropriate pairs of precursor/ product ions (1;016.5∕385.0) (Fig. S3) , UDP-2,3-diacyl-GlcN could be detected by LC-MRM in the atlpxb-1 mutant lipids (Fig. 4B and Fig. S6 ) at levels that are approximately 100 times lower than those of lipid X. UDP-2,3-diacyl-GlcN was not detectable in the Arabidopsis wild types or in any of the mutants (Fig. 4B) .
The disaccharide-1-phosphate intermediate generated by LpxB (Fig. 1 ) accumulated in the atlpxk-1 and atkdta-1 mutants (Fig. 4C and Fig. S7 ), as judged by MRM analysis, but was not detectable in wild type or other mutant strains. Lipid IV A (Fig. 1 ) was detected only in the atkdta-1 mutant (Fig. 4D and Fig. S8 ), but was not seen in the wild type and other mutants. The independently isolated atlpxb-2, atlpxk-2, and atlpxk-3 mutants showed similar lipid accumulation patterns as the atlpxb-1 and atlpxk-1 mutants.
Lipid A Pathway Enzymes are Localized in Arabidopsis Mitochondria.
The AtKdtA protein was recently localized to mitochondria of Arabidopsis (22) , although no characterization of its activity was reported. To determine the subcellular localization of AtLpxA, (Fig. 1) . (C) ESI/MS/MS analysis of the lipid X ½M-H − ion at m∕z 710.43, which accumulates in the atlpxb-1 mutant. The fragment ions are the same as those seen for E. coli lipid X. The mass spectra were acquired using a high resolution QSTAR XL quadrupole time-of-flight tandem mass spectrometer (Applied Biosystems).
AtLpxC1.1, AtLpxD1, AtLpxD2, AtLpxB, and AtLpxK, C-terminal GFP fusions were generated by cloning either the full-length coding sequences or the 5′ termini of the coding sequences inframe with GFP under the control of the CaMV 35S promoter (see SI Materials and Methods). These constructs were transformed into Arabidopsis wild-type Col-0, and T2 generation plants were analyzed by confocal microscopy. In mesophyll cells, GFP signals were shown as 1 μm dots, but were not colocalized with chloroplasts (data not shown). To avoid interference from chlorophyll auto-fluorescence, only root cells of the transgenic lines were examined. As shown in Fig. 5 , the fluorescence of the GFP fusion proteins was localized to small but distinct regions. To confirm that this fluorescence reflected mitochondrial localization, MitoTracker stain (23) was used in parallel. GFP and MitoTracker fluorescence signals were recorded simultaneously. The GFP fluorescence from the full-length GFP fusions of AtLpxA and AtLpxC1.1 localized in mitochondria (Fig. 5A) . Full-length GFP fusions of AtLpxD1, AtLpxD2, AtLpxB, and AtLpxK did not emit sufficient GFP fluorescence to permit localization. However, 5′-terminal fusions of AtLpxD1, AtLpxD2, AtLpxB, and AtLpxK to GFP showed the same mitochondrial pattern as full-length AtLpxA and AtLpxC (Fig. 5B) .
The mitochondrial localization of the GFP fusion proteins suggested that lipid A-like molecules of plants might also be localized in mitochondria. Subcellular fractions from atlpxb-1 plants were subjected to LC-ESI/MS. Lipid X levels in mitochondria were 3-and 48-fold higher than in chloroplasts or whole cell homogenates, respectively. Lipid X was undetectable in the plasma membrane.
Discussion
The Kdo 2 -lipid A portion of LPS (Fig. 1 ) makes up the outer monolayer of the outer membranes of most Gram-negative bacteria (1, 2). The structure and biosynthesis of Kdo 2 -lipid A are relatively conserved (1, 2) . In E. coli, nine enzymes are required for Kdo 2 -lipid A biosynthesis, designated LpxA, LpxC, LpxD, LpxH, LpxB, LpxK, KdtA, LpxL, and LpxM ( Fig. 1) (1, 2) . Although Kdo 2 -lipid A and its precursors have not been identified previously as components of plant lipids, the emerging databases of plant protein, DNA, and EST sequences have revealed the presence of nuclear genes encoding full-length orthologs of LpxA, LpxC, LpxD, LpxB, LpxK, and KdtA in many higher plants ( Fig. 1 and Table 1 ), including A. thaliana. The functions of these genes are unknown, but their presence suggests that plants synthesize lipid A-like molecules. We previously showed that AtLpxA can complement an E. coli mutant defective in its own chromosomal lpxA gene (1, 7) , and that all active site residues of E. coli LpxA (11) are conserved in AtLpxA.
By combining the power of Arabidopsis genetics with the sensitivity of ESI mass spectrometry, we have demonstrated the presence of lipid A precursors in Arabidopsis with the same structures as their E. coli counterparts. Of the precursors shown (Fig. 1) , were detected using the precursor/product ion pairs shown in Fig. S3 . Peak areas were normalized to the major phosphatidylethanolamine molecular species (C16∶0∕C18∶2) present in the same sample (Fig. S3) . Error bars represent standard deviations of three biological replicates. The full LC-MRM tracings for each precursor/product ion pair are shown in Figs. S4, S6, S7, and S8. All LC-MRM experiments were performed using a 4,000 Q-Trap hybrid triple quadrupole linear ion trap mass spectrometer, equipped with a Turbo V ion source (Applied Biosystems).
in Fig. 1 , only lipid X was detected in the wild type (Figs. 3 and 4) . The accumulation of lipid X together with UDP-2,3-diacyl-GlcN in three independently grown atlpxb-1 null mutant plants (Figs. 3  and 4) demonstrates that both compounds are likely substrates for AtLpxB in vivo (Fig. 1) . Furthermore, the genes encoding AtLpxA, AtLpxC, and AtLpxD2 are required for the efficient production of lipid X, as judged by analyzing lipids extracted from the single null mutants or from the AtLpxC-RNAi-7 transgenic line (Fig. 4A) . Some residual lipid X (∼21% of wild type) is present in atlpxA mutants (Fig. 4A) , suggesting the presence of an additional UDP-GlcNAc acyltransferase (see below).
Five duplicated AtLpxC genes are found in a short region of chromosome 1 (Fig. 2 and Table 1) . The lipid X level was significantly reduced (to ∼37% of wild type) by suppressing AtLpxC gene expression with RNAi. However, it remains unclear which of the closely related AtLpxC enzymes is functional in vivo (Table 1) .
Although the AtLpxD1 and AtLpxD2 proteins share more than 60% sequence identity, lipid X levels are reduced only in atlpxd2 mutants (Fig. 4) . These results suggest that AtLpxD2 is the primary UDP-3-O-acyl-GlcN N-acyltransferase in Arabidopsis. Our previous study of E. coli LpxD revealed that R293 may be required for R-3-OHC 14 -ACP binding (13, 24) . R293 is conserved between E. coli LpxD and AtLpxD2, but is replaced by lysine in AtLpxD1. AtLpxD1 also lacks two aromatic residues in its N-terminal domain that are required for acceptor substrate binding (13, 24) .
At present, we cannot exclude the intriguing possibility that AtLpxD1 has LpxA activity, possibly accounting for the residual lipid X seen in atlpxA mutants (Fig. 4) . Construction of double mutants lacking AtLpxA and AtLpxD1 should clarify this issue.
In E. coli, LpxK phosphorylates the disaccharide 1-phosphate product made by LpxB to generate lipid IV A (Fig. 1) (1, 2 ). This step is followed by the transfer of two Kdo residues to lipid IV A by KdtA (Fig. 1) (1, 2) . The disaccharide 1-phosphate was not seen in wild-type Arabidopsis, but accumulates in the atlpxk-1 and the atkdta-1 mutants (Fig. 4C) . Lipid IV A is detected only in the atkdta-1 mutant (Fig. 4D ). We were unable to detect Kdo-lipid IV A , Kdo 2 -lipid IV A , and putative penta-or hexa-acylated derivatives (Fig. 1) . The end products of the plant lipid A pathway remain unknown. The numbers and lengths of additional acyl chains linked to Kdo 2 -lipid IV A in Arabidopsis might differ from those in E. coli, and other covalent modifications cannot be excluded (2) .
The physiological role of lipid A-like molecules in Arabidopsis is unclear. Null mutants of AtLpxA, AtLpxD2, AtLpxB, AtLpxK, and AtKdtA, as well as AtLpxC-RNAi knock-down plants, show no obvious phenotypic differences compared to wild type under laboratory conditions, demonstrating that these genes are not essential for plant growth and development. Our investigations with GFP fusions show that the proteins required for lipid A precursor biosynthesis are targeted to the mitochondria, and the lipid X that accumulates in the atlpxb-1 mutant is mainly located in mitochondria and chloroplasts. These findings suggest that lipid A precursors are synthesized in mitochondria and may be transported from mitochondria to chloroplasts. Conversely, plant digalactosyl-diacylglycerol is synthesized in chloroplasts, but it is found in both chloroplasts and mitochondria (25) . Lipid A-like molecules of plants may serve as structural components of the outer membranes of mitochondria and/or chloroplasts, and probably were introduced by association with endosymbiotic bacteria during evolution.
Alternatively, lipid A-like molecules in Arabidopsis may be involved in signal transduction or plant defense responses. LPS or lipid A from some Gram-negative bacteria can induce various plant defense responses, such as an oxidative burst, NO generation, and up-regulation of pathogenesis-related genes (9, (26) (27) (28) (29) (30) (31) . In some cases, pretreatment with LPS helps plant cells survive subsequent attack by phytopathogens, mainly by suppressing the hypersensitive response (26, 32) . Although the mechanisms by which plants detect LPS remain unknown, lipid A-like molecules in plants might serve as signals to regulate cellular responses during plant pathogen invasion.
Materials and Methods
Methods for RNA extraction and cDNA synthesis, isolation, and genotyping of insertional null mutants, plasmid constructions, and plant transformations are described in SI Materials and Methods. All primers used in this study are listed in Table S1 .
Plant Materials and Growth Conditions. A. thaliana wild-type ecotypes are Col-0, Ws, and Ler. The atlpxa-1 mutation was in Ws background and was generated by the Arabidopsis Knockout Facility of the Arabidopsis Functional Genomics Consortium (17) . The atlpxd1-1 (CS855902) mutation was in the Col-0 background and was obtained through the University of WisconsinMadison (Wisconsin DsLox lines) (15) . The atlpxd2-1 (ET116191) mutation was in the Ler background and obtained from the Arabidopsis Gene Trap Collection at the Cold Spring Harbor Laboratory (16) . The atlpxa-2 (SALK_092408), atlpxa-3 (SALK_101521), atlpxb-1 (SALK_087537), atlpxb-2 (SALK_087529), atlpxk-1 (SALK_063783C), atlpxk-2 (SALK_100275C), atlpxk- 3 (SALK_145083), and atkdta-1 (SALK_035981) mutations were obtained from the Arabidopsis Biological Resource Center and were in Col-0 background (18) .
Plants were grown in long-day conditions (16 h light∕8 h dark) at 22°C in either soil or half-strength Murashige-Skoog medium (33), solidified with 0.8% agar containing 1% sucrose. For sterile growth conditions, seeds were surface-sterilized by treatment with 50% Clorox and 0.2% Triton X-100 for 10 min, and then washed five times with sterile distilled water. All seeds suspended in sterile water were kept in the dark at 4°C for 3 d to break seed dormancy. For lipid analysis, sterilized seeds (typically 2,000) were germinated and grown for 10 d in 250 mL full-strength Murashige-Skoog liquid medium (16 h light∕8 h dark), supplemented with 0.1% Plant Preservative Mixture (Plant Cell Technology, Inc.).
Subcellular Localization Experiments.
To investigate the subcellular localization of the AtLpx-GFP fusion proteins, T2 generation plants of the transgenic lines were used to observe GFP fluorescence. Seven-day old seedlings grown on half-strength Murashige-Skoog plates were harvested in half-strength Murashige-Skoog medium containing 200 nM MitoTracker (MitoTracker Orange CMTMRos, Molecular Probes). After staining for 15 min, the seedlings were washed in half-strength Murashige-Skoog medium for 10 min. The seedlings were viewed with a Zeiss LSM 510 upright confocal microscope. To observe GFP and MitoTracker fluorescence simultaneously, GFP was excited at 488 nm and MitoTracker Orange at 543 nm with appropriate lasers. Fluorescence emissions were detected using BP505-530 (GFP) and LP560 (MitoTracker Orange) filters. Images were exported as digital files using the Zeiss LSM Image Browser. At least five T2 generation lines were viewed in this manner for each construct.
Plasma membranes, chloroplasts and mitochondria were isolated from 10-day old seedlings grown under sterile conditions (34) (35) (36) . Protein concentration was determined by the bicinchoninic acid assay (37) .
Lipid Extraction from Plant Seedlings. The 10-day old seedlings grown under sterile conditions were harvested, washed with cold distilled water, and ground with a mortar and pestle at 4°C in a buffer (4 mL∕g fresh plant weight) consisting of 0.3 M sorbitol, 5 mM MgCl 2 , 5 mM EGTA, 5 mM EDTA, 20 mM Hepes, pH 8.0, 10 mM NaHCO 3 , and 1% Protease Inhibitor Cocktail (P9599-5ML, Sigma). Homogenates were filtered through two layers of Miracloth (Calbiochem Ltd.). Aliquots of plant homogenates (each containing 10 mg protein in 2-3 mL) were stored at −80°C. Lipids were extracted by the Bligh-Dyer method (38) : Homogenates from wild-type or mutant plants, containing equal amounts of protein (10 mg), were diluted into 8 mL phosphate-buffered saline (39) . Each 8-mL sample was extracted for 1 h at room temperature by conversion to a single phase Bligh-Dyer system, consisting of chloroform/methanol/water (1∶2∶0. 8 , vol∕vol) . The supernatants were collected after brief centrifugation and converted to acidic two-phase BlighDyer mixtures, consisting of chloroform∶methanol∶0.1 M HCl (2∶2∶1. 8, vol∕vol) , by adding chloroform and aqueous HCl. The lower phases were collected after low-speed centrifugation and the solvent removed by rotary evaporation. The lipids were stored at −80°C.
LC-MRM and LC-ESI/MS/MS Detection of Lipid A Precursors in Arabidopsis.
Detailed conditions for normal phase LC separation of total Arabidopsis lipids, coupled with ESI/MS/MS or MRM detection of the lipid A precursors, are provided in the SI Materials and Methods.
